A recent breakthrough in preparation of immobilized enzyme based biocatalysts achieving highly enhanced enzymatic activities and stabilities has become a great alternative to conventional immobilization techniques. The functional hybrid nanobiocatalysts (FHNs) fabricated in this immobilization composed of organic components (amino acid, peptide, protein, enzyme and plant extract) and inorganic components (various metal ions) give flowerlike morphology with narrow size distribution and porous structure. The enzyme incorporated FHNs exhibite greatly enhanced catalytic activities and stabilities compared to free and conventionally immobilized enzymes under various experimental conditions. In addition to that, the FHNs consisting of other organic components act as Fenton-like reagents and show peroxidase-like activity owing to presence of metal ions and porous structure in the FHNs. This report basically focuses on preparation, characterization, and bioanalytical applications of the FHNs and explain mechanism of the FHNs formation and thier enhanced activities and stabilities.
Introduction
Enzymes have been considered as versatile biological tool for the synthesis, cleavage and conversion of the compounds in biological and industrial systems. The reasons for their extensive uses in free form are their intrinsic high catalytic activity, substrate selectivity, low toxicity and water solubility. They effectively and selectively catalyze the substrates with high reaction speed in the opimal experimental conditions (typically at room temperature, atmospheric pressure and around neutral pH values). While enzymes may react with one or a few substrates due to their substrate specificity, they may catalyze whole substrate or their certain parts [1] [2] [3] . However despite these advantages, short live time in aqueous and organic medium, quick loss of activity (at high temperatures, at acidic or basic pHs and high salt concentration), and lack of separation from reaction medium and reusability are potential disadvantages of free enzymes and which make them quite expensive and highly suppress their use in diverse range of applications [4] [5] [6] [7] .
To overcome those limitations, conjugation of enzymes to a supports called "enzyme immobilization" was developed. It is worthy to mention that enzymes in natural systems exist as immobilized enzymes because they are usually bound to the cell membrane and show high stability and activity. For this reason, researchers have aimed to simultaneously enhance the stability and activity of enzymes by immobilizing them to various materials with different immobilization methods. However, the realities did no math with their aims. While enzymes in free form exhibit high acitvities and low stabilities as aforementioned above, immobilized enzyme usually have showed lower activities and higher stabilities compared to free ones. The 3 major effects; 1) the mass transfer limitations, 2) restriction of enzyme mobility and 3) conformational changes of enzyme can be considered as potential factors for the loss of catalytic activities [8] [9] [10] . There is only very few reports showed the enhanced catalytic activities after immobilization. For instance, Ackerman and co-wrokers demonstrated that the immobilized organophosphorus hydrolase enzyme into mesoporous silica nanomaterials exhibited increased activity (200% activity) compared to free from of corresponding enzyme [11] .
Conventional Immobilization Techniques
Up to now, many different enzymes have been immobilized on various supports such as glass, membrane, polymer, gel beads, sol-gel supports, porous silicon matrix, porous monolithic and nano sized materials with mostly used four different conventional immobilization methods including adsoption, covalent binding, entrapment andcross-linking [12] [13] [14] [15] [16] . The water solubility and/or insolubility, biocompatibility, surface functionality and size and morphology are ciritcal features to choose the supports for immobilization. Using various external supports generally enabled us to arrange amount of immobilized enzymes and to reuse them [2, 17] . Despite all these developments, most of immobilized enzymes have showed great stabilities towards environmental conditions (temprature, pH values etc.), but they inevitably have exhibited reduction in thier catalytic activities owing to following effects: 1) resriction in mass transfer between enzyme and substrate, 2) limited mobility and 3) unfavorable conformation compared to free enzymes [18, 19] . Although immobilzied α-amylase were highly stable against reaction temperature and some metal ions used as inhibitors, immobilization allows us to reperatedly use it and showed lower activitiy compared to its free form [20] [21] [22] . Moreover, in order to strengthen bonds between enzymes and the supports, the crosslinking agents played a crucial role to provide covalent attachment [2, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Additionally, decreasing materials size to nano in enzyme immobilization has become much pronounced owing to much higher surface to volume ratio compared to micro sized materials.
The nanomaterials (NMs) effectively increase the number of loading enzymes in their surface and local enzyme concentration, both of which may improve enzyme stability and activity.
Several, plasmonic, magnetic metal and metal oxide and polymeric NMs (Fe3O4 NMs, CdTe dots, ZnO, Au and SiO2 NMs, etc.,) were efficiently used as external supports for enzyme immobilization. While significantly more enzyme were immobilized enzymes on per volume unit of the NMs and higher mechanical and thermal stability were observed, the increase in activity has still remained limited compared to the free enzyme dissolved in solution [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Functional Nanobiocatalysts Formation (FHNs)
A while ago, an encouraging an method in enzyme immobilization accidently discovered
by Zare and coworkers demonstrate that immobilized enzymes have showed simultaneously and greatly enhanced activities and stabilities compared to free and conventionally immobilized enzymes [37] . They reported the synthesis of organicinorganic nanostructure in a flower-shape using protein/enzyme as organic part and Cu (II) ions as inorganic part in phophate buffred saline (PBS) solution. The main principle for formation of nanoflower relies on following efects: 1) Cu (II) ions react with phosphate to create primary copper phosphate naocomplexes (Cu3(PO4)2) in nucleation step, 2) the amide groups in the protein backbone prefrentially bind to Cu (II) ions in Cu3(PO4)2 nanocomplexes to form flower petals in growth step and 3) the petals adhere each other to produce nanoflower in final completion step. Proposed mechanism of organic-inorganic nanoflower formation was illusrated in Figure 1 . 
Single Enzyme Incorporated FHNs
The nanoflowers exhibit significant enhancement in activity and stability compared to free and conventionally immobilized enzymes. The enhanced activity of nanoflowers can be explained with these effects: 1) porous stctures and high surface area of nanoflowers, 2) facilitation of mass transfer, 3) synergistic effects occured between enzyme molecules and enzyme-metal ions, 4) high local enzyme concentration and 5) favorable conformation of enzyme molecules in nanoflowers.
Many researchers inspired from the nanoflower concept have developed various enzymeinorganic hybrid nanoflowers for variety of applications. In terms of inorganic component, some metal ions including copper (II), iron (II), calcium have been used as inorganic part of nanoflower [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . A wide range of enzymes containing commercially available and isolated from the plants, HRP [38, 39, 40] , SBP [41] , alfa-chymotypsin [42] , laccase [43, 48] , urease [44] , lactoperoxidase [45] , lipase [46] , Turkish black radish peroxidase [47] , have been successfully incorporated into the nanoflower synthesis. The nanoflowers have provided variety of applications such as, calorimetric sensors to detect H2O2, phenol [38] , dopamine [39, 45] , epinephrine [43, 45] , dye decolorization [47, 48] , and protein digestion [42] .
Multi-Enzyme Incorporated FHNs
One of the most exciting advances in nanomaterial synthesis is to produce hybrid Recently, as example of multifunctionalities of HNMs, several groups have reported synthesis and applications of multi-enzyme containing organic-inorganic hybrid nanoflowers. Having multi-enzyme in a single nanoflower allows simultaneous or stepwise catalysis of cascade reactions in one pot. So, a production of one enzymatic reaction by an enzyme on the nanoflower is catalyzed by the adjacent enzyme on the same nanoflower to perform another reaction. The close proximity between co-enzyme on the nanoflower induces cascade reactions to occur rapidly in a short time as well as reduces diffusion and decomposition of the product of one of the adjacent enzymes which then will be catalyzed by the other enzyme. In the synthesized nanoflower, H2O2, produced by oxidation of glucose by GOx, is catalyzed by HRP to oxidize the 3,3',5,5'-tetramethylbenzidine, resulting a color change. The performance of GOx-HRP organic-inorganic hybrid nanoflowers in glucose detection was about 4-fold higher than that of the free enzymes and nanoflowers consisting of only GOx or HRP. Glucose detection with GOx-HRP organic-inorganic hybrid nanoflowers deposited microfluidic paperbased analytic device (µPAD) were also developed by Zhu et al. [52] . Ye synthesized concanavalin A (Con A)-invertase organic-inorganic hybrid nanoflowers with calcium ions as inorganic part rather than cooper (II) ions [53] . Thanks to E. coli O157:H7 recognition of Con A and hydrolysis of sucrose to glucose by invertase, they succeeded point-of-care detection of E. coli O157:H7 from milk by measuring glucose amount. Same group also made very similar detection of food pathogen by synthesizing Con A-GOx organic-inorganic hybrid nanoflowers [54] . They, this time, used GOx as signal amplification unit to convert glucose to gluconic acid resulting pH decrease which can be measured by portable pH meter. Another calorimetric nanosensor application of multi-enzyme containing organic-inorganic hybrid nanoflowers was designed with streptavidin (SA)-HRP dual enzyme by Liu et al. [55] . The designed nanoflower was able to detect alpha-fetoprotein (AFP) with better sensitivity than commercial enzymelinked immunosorbent assay (ELISA) kits.
Other Organic Component Incorporated FHNs
The potential mechanism for the formation of protein-inorganic FHNs relies on coordination reaction between the accessible amide groups in the protein/enzyme backbone and Cu (II) ions in PBS solution. In addition to that, very recent development proved that not only Cu-N bond but also Cu-O bond can be driving forces in the FHN formation [56] [57] [58] antimicrobial and antiparasitic properties [58, 59] . Interesting results were obained that while the green tea (GT) extract (extracted in ethanol) and catechin produce the FHNs with very similar morpholoy, green tea (GT) extract (extracted in water) and caffeine based the FHNs have also quite similar shape an size. It can conclude that main components of GT extracted in ethanol and water can be catechin and caffeine molecules, respectively.
Conclusion and future perspectives
The nanoflower concept has offered unique opportunities to simultaneously increase the activity and stability of enzymes. When looking back and comparing the actvities and stabilities of free and conventionally immobilized enzymes, it is understood how discovery of the FHNs preparation has made an enormous impact on "enzyme immobilizaiton stduies". With this recent development, the FHNs make enzyme reusable, efficient and more economical esepcailly for lareg scale use. In stead of using singl enzyme FHNs, combination of two enzymes results in new FHNs with new functionalities like cascade reaction. Beyond the discovery of enzyme based FHNs, researchers extented tyeps of organic part of the FHNs using plant extract and/or standart molecules and investigate thier role in formation of FHNs and thier utilization in many different scientific and industrial fields. We claim that this nanoflower cencept will be one of the fastest moving and most exciting research areas.
